1. A study has been made of the enzymic hydroxylation of biphenyl by liver microsomal preparations from 11 species of animals, by using a fluorescence method for the micro-estimation of the hydroxylation products, 2-and 4-hydroxybiphenyl. 2. Livers from all species examined produced 4-hydroxybiphenyl, but only those from mice, hamsters, cats, coypus and frogs produced 2-hydroxybiphenyl as well. 3. Adult rat and rabbit livers produced only the 4-isomer, but livers from the young of these species also produced the 2-isomer. 4. The properties and requirements of the 4-hydroxylatingenzyme ofrabbitliverwerestudied. 5. Theresultsare discussed and it is suggested that the 2-and 4-hydroxylating enzymes are different.
Rabbit-liver preparations hydroxylate biphenyl to 2-and 4-hydroxybiphenyl (Mitoma, Posner, Reitz & Udenfriend, 1956) . These phenols are highly fluorescent and the quantitative aspects of these hydroxylations can be investigated fluorimetrically, as in the 7-hydroxylation of coumarin (Creaven, Parke & Williams, 1965) . 2-and 4-Hydroxybiphenyl in the same preparation can be estimated fluorimetrically because the 2-isomer shows excited-state ionization, whereas the 4-isomer does not (Bridges, Creaven & Williams, 1965) . In the present paper this method of estimation, the properties of the microsomal enzyme systems involved in the hydroxylations and the variation in the production of the two isomers by liver preparations from various species are described. Our results suggest that two enzymes may be involved, one hydroxylating the 2-and the other the 4-position of biphenyl. These enzymes appear to be different from coumarin 7-hydroxylase . Some of the results described below have been briefly reported (Creaven, Parke & Williams, 1962) .
EXPERIMENTAL
Materials. Biphenyl, m.p. 700, 2-hydroxybiphenyl, m.p. 56-5', 4-hydroxybiphenyl, m.p. 166*5', and 4,4'-dihydroxybiphenyl, m.p. 277-279°(decomp.) , were purified as described in the preceding paper (Bridges et al. 1965) , and succinic acid (British Drug Houses Ltd., Poole, Dorset) was purified by recrystallization from water. Nicotinamide, m.p. 1310, the sodium salts of NADH2 and NADPH2, disodium glucose 6-phosphate (all from British Drug Houses Ltd.), NADP and Tween 80 (polyoxyethylene sorbitan mono-oleate) (both from Koch-Light Laboratories Ltd., Colnbrook, Bucks.) were used as purchased.
Methods. The maintenance of animals, preparation and fractionation of liver homogenates and conditions of incubation were as described by Creaven et al. (1965) . The substrate solution was prepared by dissolving biphenyl (185mg.) in Tween 80 (2g.) and diluting to 100ml. with aq. 1-15% (w/v) KCI. On standing, this solution deposited crystals of biphenyl, which were redissolved by warming before use.
In the standard procedure each incubation mixture contained lml. of liver preparation (se25Omg. of liver and containing 10 /tmoles ofnicotinamide), 6,umoles of biphenyl, 10mg. of Tween 80, 0-25,umole of NADP and lml. of 0-O0m-tris-HCl buffer, pH8-6, in a final volume of 2-7ml. Fluorescence measurements. These were done in an Aminco-Bowman spectrophotofluorimeter with 1Cm.2 quartz cuvettes and 150w Osram xenon arc lamp as light source. All the wavelengths of excitation and fluorescence quoted in this paper are instrumental values and are not corrected.
Determination of 4-hydroxybiphenyl alone. This method is used only in the absence of 2-hydroxybiphenyl. The hydroxylation is stopped by the addition of to the incubation mixture, which is then shaken mechanically with n-heptane (lOml.) for Bmin. in 20ml. ground-glass stoppered tubes. Thetubesare centrifuged at 2000rev./min. in an MSE Major head no. 6885 centrifuge for 15min. and 2ml. of the heptane layer in each tube is shaken for Bmin. in similar tubes with 0-lx-NaOH (10ml.) made up in allglass distilled water. The mixture is then centrifuged as before for lOmin. The fluorescence intensity of the lower alkaline layer (3-4ml.) is determined at 400mt& with excitation at 311 m,u. Known amounts of4-hydroxybiphenyl are run through the same procedure and used as fluorimetric standards. The recovery of 4-hydroxybiphenyl (30,ug.) (Bridges et al. 1965 ). In the range pH2-9, the 2-isomer absorbs light in the un-ionized form but emits the fluorescence of the anion (A5a. 415mg; A<e. 295mtt), whereas the 4-isomer absorbs in the un-ionized form and emits the fluorescence of the un-ionized form (A. 338meu; AeXe. 275mu). [In the preceding paper (Bridges et al. 1965 ) the excitation now reported at 275miu was recorded at 288m/i; the difference is due to changing the xenon arc lamp of the fluorimeter.] The instrumental tracings of the fluorescence curves of a mixture of 2-and 4-hydroxybiphenyl at pH6 and 13 are shown in Fig. 1 .
The incubation mixtures are extracted with n-heptane and the extracted phenols transferred to 0-1N-NaOH as described in the preceding section. After centrifuging, 2 ml. of the NaOH layer is pipetted into a cuvette and brought to pH5-5 with 0-5ml. of 0-5N-succinic acid. Fluorescence intensity is then determined at two wavelengths: (a) (ii) should give the same reading and either can be used as a standard for 4-hydroxybiphenyl. At 415mu the reading for standard (i) should be the same as the difference between the readings for standard (ii) and (iii) at this wavelength. Let the amount of 4-hydroxybiphenyl in the unknown be x, which can be determined at 338m,u, and the amount of 4-hydroxybiphenyl in standard (i) be y. If the reading of standard (i) at 415m, is A, then the contribution of 4-hydroxybiphenyl in the unknown at 415m,u is Axly. If the reading of the unknown at 415m,t is B, then the corrected reading C for 2-hydroxybiphenyl is B-(Ax/y). The calculations can be made by using standards (ii) and (iii) only, but the use of three standards is a check that the operations have been carried out correctly.
2-and 4-Hydroxybiphenyl were stable at pH5-5 and 13 at 250, but when exposed to ultraviolet light for more than lOmin. the fluorescence at pH 13, particularly of the 2-isomer, diminished (Bridges et al. 1965 Table 1 .
RESULTS
Hydroxylation of biphenyl by adult rabbit liver Biphenyl was hydroxylated by the lOOOOg supernatant of adult rabbit liver almost exclusively to 4-hydroxybiphenyl, the amounts of 2-hydroxybiphenyl formed being negligible. Rabbit tris-hydrochloric acid buffer than in phosphate or glycine-sodium hydroxide buffer. The optimum pH of the reaction also differed slightly in these buffers: in tris-hydrochloric acid buffer, which was used in most experiments, the optimum pH was 8-6-8-8 (see Fig. 3 ). The reaction requires oxygen, for in an atmosphere of nitrogen hydroxylation hardly occurred. In pure oxygen hydroxylation was slightly greater than in air ( Table 2 ). The optimum temperature of the reaction is 35-40o. The percentage hydroxylation was maximal at a substrate concentration of 1 ,mole/3 ml. of incubation mixture, but the maximum yield of 4-hydroxybiphenyl was obtained with 6,moles/3 ml. (Fig. 4) . The rate of production of 4-hydroxybiphenyl was constant for the first 30 min. of incubation ( Fig. 5) and an incubation period of 15 min. was therefore adopted in most experiments. In the presence of an excess of soluble fraction, the rate of production of 4-hydroxybiphenyl was linearly related to the amount of microsomal fraction used, i.e. to the enzyme concentration. Cofactor8 required for optimum activity. These were found to be similar to those required in the 7-hydroxylation of coumarin ).
The addition of NADP (0-25,umole/3ml.) caused a threefold increase in hydroxylation (Table 3) . There was also increased hydroxylation if nicotinamide was added during the preparation of the supernatant, but the effects of NADP and nicotinamide are not additive and the effect of both is, in fact, less than that of NADP alone. The addition of glucose 6-phosphate (6,moles/3 ml.) alone or in combination with the other cofactors has little effect on hydroxylation.
If the 10000 g supematant is kept at -120 for 18 days, it shows negligible hydroxylating activity.
However, if nicotinamide (40,uLmoles/g. of liver) is added before storage some 40% of the original activity is retained, though if the nicotinamide is added at the end ofthe storage period hydroxylating activity is not restored. The addition of NADP (0-25,umole/3 ml.) to the stored supernatant restores 70% of the original activity, but if the NADP is added to the stored supernatant to which nicotinamide was added before storage the restoration of hydroxylating activity is no greater than when NADP is used alone. NADP was therefore added as a routine to incubation mixtures in amounts of 0-251,mole/3 ml. Larger quantities of NADP produced little increase in hydroxylation, although NADP has no tendency to inhibit (Table 3) .
The microsomal fraction (105000 g for lhr.) and supernatant were separated by centrifugation. Neither fraction alone hydroxylated biphenyl. However, the addition of NADPH2 to the microsomal fraction completely restored the hydroxy- Table 5 . Effects of inhibitors on the hydroxylation of biphenyl
The lOOOOg supernatant (1 ml.) from liver homogenates of adult Chinchilla doe rabbits was incubated with 6,umoles of biphenyl and 10mg. of Tween 80, 0-25,umole of NADP, 6-0umoles of glucose 6-phosphate and 1-Oml. of 0-05M-trisHCl buffer, pH 8-6, in a final volume of 3-4ml. of 1-15% KCI, for 15min. at 370 in air. The results are the means of two experiments.
Inhibitor
lating activity of the washed (three times) microsomal fraction, but NADH2 was less effective (Table 4) .
Effects of inhibitors. The results (Table 5) are substantially the same as found for coumarin 7- hydroxylase , except that Mcoc'-bipyridyl inhibits the 4-hydroxylation of biphenyl whereas it has no effect on coumarin 7-hydroxylase.
The inhibition by acx'-bipyridyl was abolished by equimolar ferrous sulphate.
Hydroxylation of biphenyl by livers of different 8pecie8
Adult rat. Rat-liver preparations hydroxylated biphenyl almost entirely in the 4-position. The amounts of 2-hydroxybiphenyl produced were too small to be estimated, but it was detected fluorimetrically on chromatograms. The properties of the rat-liver enzyme were similar to those of the rabbit except that there was no inhibition by ocx'-bipyridyl.
Young rat8. These were 1-3 months old (60-140g. body wt.) and liver preparations from these produced measurable amounts of 2-hydroxybiphenyl (0-15-0-4,mole/g./hr.) (Table 6 ).
Young rabbits. These were 3-6 months old (1-0-1-5kg. body wt.) and they also produced 2-hydroxybiphenyl (Table 6 ).
Other 8pecies. The results with liver preparations from other species are shown in Table 6 .
Metabolism of 4-hydroxybiphenyl by guinea-pig liver
The yield of 4-hydroxybiphenyl with guinea-pig liver preparations was low. However, on acid hydrolysis ofthe incubation mixture, appreciable amounts of the phenol were obtained (Table 6 ). In this case it appeared that hydroxylation occurred but the product at the end of the incubation was in a bound form. On incubating lml. of the guinea-pig liver preparation with 30,ug. of 4-hydroxybiphenyl, the amounts of the phenol recoverable in 5, 10, 15 and 20 min. were 30, 14, 11 and 7% respectively. (Recoveries after incubation with rat-liver preparation were 97, 83, 73 and 67% respectively.) After the 20 min. incubation, the mixture was heated under reflux in 3N-hydrochloric acid for 20 min., whereby 100% of the 4-hydroxybiphenyl was recovered. It is probable that 4-hydroxybiphenyl is conjugated, possibly with glucuronic acid, in the guinea-pig liver preparation, as was the case with 7-hydroxycoumarin ).
DISCUSSION
The metabolites of biphenyl in urine in the rabbit have been shown to be 4-hydroxybiphenyl and its conjugates (Block & Cornish, 1959) , whereas in the rat they were 4-hydroxy-, 4,4'-dihydroxy-and 3,4-dihydroxy-biphenyl and their conjugates and biphenylmercapturic acid (West, Lawson, Miller & Mathura, 1956 ). In both species, 4-hydroxybiphenyl was the major hydroxylated product, but 2-hydroxybiphenyl was not found. Mitoma et al. (1956) reported that liver preparations from New Zealand White rabbits converted biphenyl into 2-and 4-hydroxybiphenyl, the 2-isomer being formed in larger amounts than the 4-isomer. With adult New Zealand White, Chinchilla and English rabbits, we found that liver preparations formed 4-hydroxybiphenyl and practically no 2-isomer, and these findings are in agreement with the findings on the whole animals.
The rabbit-liver enzyme system that 4-hydroxylates biphenyl is similar to that which 7-hydroxylates coumarin ), but there is evidence t1hat they may not be the same (Table 7) . Further, coumarin-7-hydroxylase activity does not occur in rat-liver preparations that actively 4-hydroxylate biphenyl. Table 8 summarizes the occurrence of the coumarin hydroxylase and biphenyl hydroxylase in various species. Species differences. Liver preparations from all 11 species examined (Table 6 ) are able to convert biphenyl into 4-hydroxybiphenyl. However, the extent of this hydroxylation varies with species, being poor in cat and trout (less than 1lpmole/g. of liver/hr.) and high in mouse and coypu (about 6-7,umoles/g./hr.). The ability to form 2-hydroxybiphenyl, however, is almost absent from the livers of adult rabbits, rats, guinea pigs, hens, trout and one fox, whereas the livers of mice (two strains), hamsters, cats, coypus and frogs form measurable amounts of this isomer. Mouse and hamster livers are active in 2-hydroxylating biphenyl, and the A2G strain mice are much more active than the I.C.I. strain in this respect, although both are about the same with respect to 4-hydroxylating activity. In the rabbit and rat, 2-hydroxylating activity is present in young animals (Table 6 ), but in adult animals it is barely detectable. These findings suggest that the 2-and 4-hydroxylating systems are different. There does not appear to be a sex difference in rats and rabbits, but in the hamster the livers from the male are much more active than those from the female in terms of both 2-and 4-hydroxylation. Brodie & Maickel (1962) suggested that amphibia and fish are unable to metabolize foreign compounds, but Table 6 shows that the frog and the trout can hydroxylate biphenyl, although not as effectively as some of the mammalian species. With frog liver, the whole homogenate gave a higher rate of hydroxylation than the lOOOOg supernatant, which is the reverse of the finding with mammalian species. A similar pattern was observed in the 7-hydroxylation of coumarin by frog liver (P. J. Creaven, D. V. Parke & R. T. Williams, unpublished work). The frog-liver hydroxylating system is, however, located in frog microsomes and is NADPH2-dependent. It is possible that the deposit at lOOOOg of frog-liver homogenates contains an activator, although the deposit itself has no hydroxylating activity.
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